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An investigation of the Haeffner Effect in mercury by 
the use of a decade scaler suggested the need for a compre-
hensive statistical analysis of the data to justifv reoort-
ing the presence of an isotonic separation. 
It has also been shown that the temperature of the 
mercury column must be accurately calculated before a 
temperature dependent relationship with the Haeffner Effect 
can be cited. 
An investigation of these statements resulted in 




The author wishes to exnress his appreciation to Dr. 
H. P. Leighly, Jr., for sug~esting this ?reject and for his 
encouragement and guidance. 
The author also is grateful to Dr. D. R. Edwards, Dr. 
R. E. Moore, and Professor R. V. Wolf for their consulta-
tions and suggestions. 
The financial assistance in the form of a Graduate 
Assistantship from the Department of Metallurgical 
Engineering also is greatly appreciated. 
TABLE OF CONTENTS 
ABSTRACT • • • • • • • • • • • • • • • • • • • • • 
ACKNOWLEDGEMENT. 
• • • • • • • • • • • • • • • • • 
LIST OF FIGURES. • • • • • • • • • • • • • • • • • 
LIST OF TABLES • 









INTRODUCTION. • • • • • • • • • • • • • • • 
REVIEW OF THE LITERATURE. • • • • • • • • 
A. 
B. 
Exper~mental Techniques and Results • 
1. L~quid Metals • • • • • • • • • • 
2. Solid Metals ••••••••••• 












Scaler. • • • • • • • • 
Scintillation Counter • 
Separation Cell • • • • 
Assembled System. • • • 











• • • • 
• • • • 
• • • • 
• • • • 
• • • • 








Introduction. • • • • • • • • • • • 
Preparation and Purification of 
Isotopic Mercury. • • • • • • • • • 
Filling of the Separation Cell ••• 
Temperature Control • • • • • • • • 
Current Control During Separation • 
Counting Procedure ••••••••• 
Statistical Analysis. • • • • • • • 
EXPERIMENTAL RESULTS. • • • • • • • • • 
DISCUSSION OF RESULTS • • • • • • • • • 
CONCLUSION. • • • • • • • • • • • • • • 































• • • ii 
• • • iii 
• • • vi 
• • • viii 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 
• • • 

























BIBLIOGRAPHY. • • • • • • • • • • • • • • • • • • 73 
APPENDIX I. Calculation of the Maximum Tempera-
ture of the Mercury in the Capillary Tube Under 
Natural Convective Conditions • • • • • • • • • 76 
v 
APPENDIX II. Statistical Analysis Calcula-
tions • • • • • • • • • • • • • • • • • • • • 79 
APPENDIX III. Data Used in the Preparation 
of the Control Charts • • • • • • • • • • • • 83 
APPENDIX IV. Nomenclature for the Calcula-
tions • • • • • • • • • • • • • • • • • • • • 88 
















LIST OF FIGURES 
Vertical senaration cell used in 
Haeffner's original investigation 
of the separation of mercury 
isotopes • • • • • • • • • • • • • • • • • • 
Separation cell used in an experiment 
concerning liquid mercury by E. Haeffner, 
Th. Sjoberg, and s. Lindhe ••••••••• 
Separation cell used in the investigation 
of the isotopic variation in the composi-
tion of Hg by Bogoiavlenski, Grigor'ev, 
N. S. Rudenko and Dolgopolov •••••••• 
Distribution of isotope concentration 
along the mercury column at constant 
temperature and current ••••••••• 
Separation cell used bv Knopf and Klemm 
for the separation of isotopic mercury • 
Separation cell used bv Lunden, 
Reutersward and Lodding for the 
experiment in molten potassium 
• • 
• • 
metal. • • • • • • • • • • • • • • • • • • • 
Separation cell used for the Haeffner 
effect in potassium by Lodding; in 
lithium by Lunden, Lodding and Fischer; 
tin, cadmium and zinc by Lodding; 
rubidium bv Lodding; indium bv Lodding, 
Lunden and von Ubisch ••••••••• 
Separation cell. • • • • • • • • • • • 
• • • 
• • • 












Support for lead shield. • • • • • • • • • • 38 
Assembled apparatus. • • • • • • • • • • • • 39 
Electrical Circuitry • • • • • • • • • • • • 40 
Electrolytic cell •• • • • • • • • • • • • • 44 
Plot of counting time versus 
high voltage • • • • • • • • • • • • • • • • 50 
Control charts for Run lA. • • • • • • • • • 56 
vii 
Figure 16. Control charts for Run lB. • • • • • • • • • 57 
Figure 17. Control charts for Run 2A. • • • • • • • • • 58 
Figure 18. Control charts for Run 2B. • • • • • • • • • 59 
Figure 19. Control charts for Run 3A. • • • • • • • • • 60 
Figure 20. Control charts for Run 3 B. • • • • • • • • • 61 
Figure 21. Control charts for Run 4A. • • • • • • • • 62 
Figure 22. Control charts for Run 4B. • • • • • • • • 63 
Figure 23. Control charts for Run SA. • • • • • • • • • 64 
Figure 24. Control charts for Run 5B. • • • • • • • • • 65 
Figure 25. Control charts for Run 5C. • • • • • • • • • 66 
Table 1. 
Table 2. 
LIST OF TABLES 
The Radioactive Properties of Mercurv-203 •• 
The Coded Values and Background counts 






In 1921 Lindemann (1) suggested that the mass deoend-
ence of ionic mobility could be investigated for isotope 
separation. However it was not until 19~7 that Klemm, 
Hinterberger and Hoernes (2) actually developed isotope 
enrichment methods by the electrolysis of various salts. 
1 
The first attempt in the isotope displacement of metals 
were unsuccessful probably because of inadequate methods and 
excessive convection due to the size of the experimental 
cells. It was not until 1953 that Haeffner (3) succeeded in 
obtaining an isotope enrichment at the electrodes of a 
diaphragm cell containing liquid metal. This effect has 
since been investigated in many liquid and solid metals. In 
both cases it was demonstrated that the heavier isotopes were 
concentrated in the direction of current flow while the 
lighter isotopes were being concentrated in the direction of 
electron flow. However most of the investigations were con-
ducted in such a manner that it was difficult to follow the 
instantaneous separation of the isotopes. Thus it was not 
possible to accurately determine the time it took for 
equilibrium to occur. With a few exceptions most of the 
experiments with liquid metals were conducted in such a 
fashion that the metal was allowed to solidify at the end of 
a run and the lengths of capillary tube were sectioned for 
the purpose of mass spectrometer analysis. In this case the 
disadvantage being that the exact time in which a equilibrium 
2 
condition Has reached was not known. 
In all of the previous investigations a large volume of 
metal was used which tended to greatly increase the time of 
equilibrium, but in 1963 Baysden (4) followed the isotope 
separation in a capillary system without anv attached 
reservoirs. The result was that equilibrium could be reached 
in a much shorter period than the previous investigations 
which lasted up to 120 days. 
In 1964 Arnold (5) completed an investigation illustrat-
ing that the separation of isotopes in liquid mercurv was 
dependent upon both time and temperature. It was shown that 
the isotope separation increases with increasing temperature 
until a temperature of 50°C is reached \..Jhereby it then 
decreases with constant current. Therefore a continuation 
of this investigation was in order since the latter experi-
ment was conducted at constant current. 
It was the ourpose of this investigation to: 
(l) Determine the effect variable current density has 
on the rate and amount of isotopic separation. 
(2) Determine the effect of varying temperatures at 
higher current density on the isotope separation. 
(3) Determine within oractical limits the temperature 
generated in the mercury column at different 
currents. 
3 
II. REVIEW OF LITERATURE 
Previous work on the Haeffner Effect in various metals 
such as Hg, In, Ga, Rb, U, Zn, Sn, Cs, Au, and Cu will be 
examined for experimental technique and resultant data. 
This will be accomplished keeping in mind the failure of the 
early investigators to determine the nrecise time in which 
equilibrium was reached. The pronosed mechanisms for the 
Haeffner Effect also will be investigated for both liquid 
and solid metals in which mass transport and isotope separa-
tion occur by the introduction of an electric current into a 
conducting svstem. 
A. Experimental Techniques and Results 
1. Liquid Metals 
E. Haeffner (3) in 1953 was the first investigator to 
successfully complete studies on the chaneing isotope abun-
dance of liquid metal when a direct current was passed 
through a vertical separation cell containing mercury 
(Figure 1). The diaphragm tube was 140 mm long with 2 mm 
inside diameter and was filled with glass beads which were 
0.09 - 0.15 mm in diameter. The beads were placed between 
sintered glass plates which formed the top and bottom of the 
diaphragm. 1.432 grams of distilled mercury was placed 
above the diaphragm making contact with the top electrode 
while the other electrode made contact in a large reservoir. 
This assembly was placed in a constant temperature bath of 












Figure 1. Vertical separa-
tion-cell used in Haeffner's 
original investigation of 




Figure .2. Separation Cell 
used in an experiment con-
cerning liqu~d mercury by 
E. Haeffner, Th. Sjoberg, -
and S. Lindhe. 
4 
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719.3 A/cm2 was passed between the electrodes. This experi-
ment lasted for 2,000 hours at which time the mercury above 
the diaphragm was removed and analysed by a mass spectrom-
eter. For the second run the current direction was changed 
and the top electrode became negative. The identical 
analysis procedure was repeated for this run which indicated 
that when the top electrode was negative, the ratio of 
Hgl98JHg204 is 1.39, whereas in the first run it was 1.60. 
The results of these two runs indicated that the light 
isotopes of mercury are enriched at the positive electrode, 
while the heavy isotopes were concentrated at the negative 
electrode of the cell. 
The experiments in which the separation of the isotones 
of liquid mercury was investigated further were conducted in 
1956 by Haeffner, Sjoberg, and Lindhe (6); in 1957 by 
Bogoianlenskii, Grigorev, Rudenko, and Dolgopolov (7); in 
1959 by Knopf and Klemm (8); and in 1962 by Croy (9). 
Haeffner, Sjoberg, and Lindhe conducted their experi-
ment at a temperature of 47.0 ± O.S°C in a vertical 
diaphragm tube 170 mm long havinr, a inside diameter of 1 mm 
(Figure 2). Similar to Haeffner's original exneriment, 
glass beads (0.09-0.12 mm diameter) were placed between the 
anode and cathode compartments of the cell. The anode · 
volume above the diaphragm contained 115 mg of Hg, the 
capillary tube 612 mg and the cathode volume 18.23 mg of Hg. 
Constant current density and voltage of 547.8 A/cm2 and 5.8 
6 
volts was maintained for 42 days within the capillarv tube. 
At the completion of the experiment the tube containing the 
mercury was divided into sections of 10 mm each in which 
Hg198 /Hg 20 4 ratios were measured by a mass spectrometer. 
The Hgl98/Hg 204 ratios ~-1ere 1.548 at the anode which in-
creased to 1.608 maximum at 15 mm from the anode and then 
decreased to 1.472 at 170 mm from the anode which in reality 
is the cathode volume. As in the previous experiment the 
light mercury isotopes were enriched at the positive end of 
the capillary. 
For their experiment Bogoiavlenskii, Grigorev, Rudenko, 
and Dolgopolav used a folded vertical tube of 28 em len~th 
and 0.05 em inner diameter (~igure 3). At the anode a large 
reservoir was present which will introduce a large amount of 
dilution and will thus increase the time necessary for the 
separation to reach equilibrium. Since the reservoir was 
large compared to the volume of the caryillarv tube, the 
experiment lasted from 1500 to 1800 hours. Two runs were 
accomplished at (41 ± 2°C) and at (-10 ± 3°C) at constant 
current density and voltage. Under these conditions it was 
shown that the change in concentration is less at -l0°C than 
at 41°C with the customarv separation of isotopes occuring 
at the proper electrode. 
It is also shown in Figure 4 that the change of concen-
tration increases only slightly with time along the tube. 




Separation cell used in the investigation of the isotopic 
variation in the composition of Hg by Bogoiavlenski, 
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Figure 4 
Distribution of isotope concentration along the mercury 
column at constant temperature and current densitv. 
1. t = 340 hrs. 
2. t = 700 hrs. 
3. t = 1800 hrs. 
changes of concentration must be incorporated into the ex-
periment. Therefore the most successful and accurate 
measurements were made by a mass spectrometer. 
Knopf and Klemm (8) also used a folded vertical tube 
9 
for the study of the electrokinetic properties of mercury 
(Figure 5). The apparatus consists of a 100 em long U-
shaped capillary with 1.5 mm internal diameter and 6 mm 
outer diameter. The diaphragm consists of different amounts 
of soft glass spheres (0.10 to 0.12 mm diameter) which were 
in particular exneriments iron or platinum coated. A 
current density of 226.3 to 509.3 A/cm2 at 10 to 20 volts 
passed between the electrodes. Due to the current flow in 
the mercury, the heating effect was minimized by a liquid 
coolant of alcohol or silicon oil depending on the tempera-
ture. The electrokinetic transnort ~ (velocity of mercury 
relative to the wall divided by the field strength) of 
mercurv reaches l.7xlo-3 cm/Vs at •20°C, attains a maximum 
of 4.0xlo-3 cm2Jvs at 165°C and drops again to 3.0xlo- 3 
cm2/vs at 278°C. This shows the temperature dependence of 
~. It was also thought that ~ would be dependent on the 
wall material, but at 80°C, iron coated, platinum coated and 
plain glass spheres had practically the same electrokinetic 
transport. Iron had an 0(. of 2. 86xlo- 3 cm2 /Vs, platinum an <X... 
of 2.35xlo-3 cm2/vs and glass an ~of 2.8xlo-3 cm2 /Vs thus 
showing that ~ is virtually independent of the wall material. 















Separation cell used by Knopf and Klemm for the separation 
of isotopic mercury. 
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by the loss of the velocity of conduction electrons at the 
wall due to diffusive reflections, therefore the external 
electrical force acting close to the wall on the ions exceeds 
the electron friction force thus transportin~ a mass of 
mercury. 
It seems appropriate at this time to discuss the use of 
spheres in the separation cell. All the previous investi-
gators of the Haeffner Effect in mercury vti th the exception 
of Bogoianlenskii, Grigorev, Rudenko, and Dolgapolov used 
either platinum or glass spheres in their capillary tubes. 
These spheres were employed exclusively in vertical separa-
tion cells during the investigations in isotopic mercury. 
It was also noticed that the spheres were not used in the 
investigation of other liquid metals. 
Croy (9) in 1962 conducted an investigation of the 
separation of mercury isotope 203 by a counting method at 
two different current densities. The degree of separation 
along the capillary tube was to be determined by counting 
the isotope activitv at various positions. Although Croy 
failed in part of his experiment to show a separation in a 
short period of time, the isotopic separation proved to be 
measurable at long periods of time in the order of 50-60 
days. A possible explanation for the failure to follow the 
initial separation is due to the two 0.13 ml. reservoirs 
inherent in the design of the capillary system. However at 
a current density of 1507 A/cm2 for 60 days, the isotopic 
separation in the cathode half was 8.6% and 9.7% respec-
tively. 
12 
In 1954, Nief and Roth (10), presented a paper on the 
isotopic separation in gallium under the action of direct 
current. The gallium was placed in a capillary tube 188 mm 
long with an interior diameter of 0.2 mm. The tungsten 
electrodes were sealed in the ends of the tube which had an 
exterior diameter of 5.5 mm. This thick walled tube failed 
to properly dissinate the heat generated within the gallium. 
Constant current density (8021.3 A/cm2) and constant voltage 
(4.2 volts) were passed between the electrodes for 248 hours. 
The separation cell was placed in a water bath maintained at 
a temperature of 48°C. At the end of the experiment the 
current was discontinued and the gallium solidified. The 
capillary then was divided into sections of 1 em long which 
then were analysed by the mass spectrometer. The ratio of 
Ga69/Ga71 (K) for the anode is 1.608 ! .oos, for the cathode 
1.406 ! .065 and for. gallium 1.510. Since the experiment 
failed to instantaneously check for equilibrium, but rather 
discontinued operations at any time and then analysed the 
sample, it is not surprising that equilibrium was not 
reached in all cases. The plot of K (ratio of Ga69/Ga71) vs 
the distance from the middle of the sample to the ends of the 
tube failed to produce a curve at the electrodes without 
inclination. This plot illustrates that the stable state 
has not been attained and that the limit of separation should 
13 
be a little larger. Therefore the current in this exper1-
ment should be passed through the cell for a duration of 
more than ten days so equilibrium may be reached. However 
this experiment did confirm the results obtained by Haeffner 
both in sign and order of magnitude. 
Following the previous exneriment, Goldman, Nief and 
Roth (11) conducted an investigation on the temperature 
dependence during the isotopic separation of molten gallium. 
A capillary of 0.2 to 0.3 mm interior diameter and length 
of 20 em was used as the separation cell between the tempera-
tures of 325 and 560°K. A current densitv of 6111.5 to 
8148.7 A/cm2 was passed through the cell for 15 to 30 davs 
which was necessary to reach equilibrium. tvhen the capil-
lary tubing was sectioned and analysed at the completion of 
a run, it was noticed that the separation factor 
(P = ll.log g /~v) increased from .049 at 325°K to •077 at 
560°K as expected. 
The isotopic effect of potassium was investigated 
initiallv in 1955 bv Lunden, Reutersward and Lodding (12). 
Direct cur~ent with a densitv of 2900 amperes/cm2 was passed 
through a folded vertical capillarv tube. Each leg of tub-
ing possessing a length of 200 mm and a 0.60 mm inner diam-
eter was connected by a wider tube (Figure 6). In the lower 
part of the capillaries wolfram wires were sealed in to act 
as electrodes. A piece of oxygen free potassium was intro-
duced into the upper reservoir and melted under vacuum. So 
14 
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Separation cell used by Lunden, Reutersward and Lodding for 
the experiment in molten potassium metal. Note the illus-
trated sections which were analysed by a mass spect~ometer. 
15 
by restoring the atmospheric pressure by the use of nitrogen, 
the molten potassium was forced into the capillarv tubes so 
as to maintain electrical contact with both electrodes. The 
test cell was situated in a oil bath controlled at a temner-
ature of l40°C measured at the middle of the bath. A current 
of 8.25 amperes and voltage of 5.3 volts was applied to the 
cell for a neriod of 14.8 days. At the end of this time the 
metal was immediately solidified and then sectioned into ten 
segments. The solidified metal was removed from the tubing 
by dissolving the potassium in dilute HCl acid. In tube 
sections 1-4, the heavier isotope was enriched and in 
sections 6-10 the lighter isotope was enriched in keeping 
with the identical phenomenon noticed in earlier investi-
gated elements. However in sections 6-10 of the anode leg 
there appears to be a stronger enrichment than in the 
cathode leg. The author made no attempt to explain this. 
The mass effect (Jot = 6 ttJ/vJ I 6M/M) which is the ratio of the 
relative difference of migration velocity over the relative 
mass difference of isotope was approximately 9xlo-6 for each 
leg. A corresponding calculation gives a similar value for 
Haeffner's (3) work on mercury. The separation factor P 
which is compared for section 1 and 10 is 1.06. In this 
experiment the authors state the temperature gradient in the 
vertical separation cell is less than 3°C, but in 1961 
Lodding (13) repeated the investigation for potassium in a 
horizontal capillary system. 
temperature Lodding states: 
On page 33 under errors in 
"For vertical cells, the bath temneratures measured 
at upper and lower capillary ends could differ by 
as much as 15-20°C. In horizontal set-uos the un-
certainty was very small because of stirring. For 
temperatures below l00°C the reading accuracy was 
better than l°C". 
16 
This is one of the first examples of the use of a horizontal 
capillary. The capillary was 16 mm in length with an inner 
diameter of 0.6 mm, but again there was an interruption in 
the center which contained a reservoir and an auxilliary 
electrode (Figure 7). Evidently the author experienced a 
separation of the metal within the tube thus breaking con-
tact at hiRher current densities, so he used an auxilliary 
electrode. At temperatures below 125°C a fluid bath of 
paraffin oil was used but above this temoerature a mixture 
of nitrate salts were necessary. A current density of 
3890.5 A/cm2 at 25 volts was passed between the electrodes 
for a period of 20 hours in which a significant separation 
was witnessed. From a sample analysis of potassium at 227°C, 
the ratios of K39/K41 are 14.061 and 13.50 for the anode and 
cathode respectively. Using the identical horizontal separa-
tion cell as used previously, Lodding (15) in 1959 determined 
the temperature dependence of potassium during current 
passage. The temperature dependence of potassium was in-
vestigated between 352°K and 608°K. At 352°K the mass effect 
~being .29xlo-5 increases to 2.03xl05 at 553°K where it 
then decreases to a value of .38xlo5 at 608°K. At elevated 












Separation cell used for the Haeffner Effect in potassium by 
Lodding; in lithium by Lunden, Lodding and·Fischer; tin, 
cadmium and zinc by Lodding; rubidium by Lodding; indium by 
Lodding, Lunden and von Ubisch. 
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Since the mass effect is temperature dependent, the 
author suggests the followinP- formula to correct ~ for 
temperature using J.Ao, € a, and E. b as temT)erature indenendent 
parameters. The calculation of the mass effect from~ 0 = 
([}.H/\.V)/(61'-1/~) is only representative of the conditions at 
that temperature. Thus .JA. = jA 0 ( ~- 1) exn ( -~ ) Hhere 
Ea and Eb are the activation energies of the isotopic com-
ponents, k as Boltzmann's Constant and T as the absolute 
temperature will give the temperature correction for the 
mass effect. 
In 1957 Lunden, Lodding, and Fischer (14) investigated 
the current passage in molten lithium metal using the ap-
paratus as described in Figure 7. A problem arose however 
because at elevated temperatures molten lithium stronglv 
attacks glass and other ceramic materials, so a stainless 
steel capillary tube was used instead. Since the conduc-
tivity of molten lithium was much greater than that of 
stainless steel which had quite a high comoarative resis-
tivity, this was possible. A 20 em length of stainless 
steel is interrupted by a large tube in which the lithium 
is melted under vacuum and then by atmospheric pressure 
forced into the stainless steel tubes. The capillarv itself 
had an inner bore of 0.7 mm with a thin wall thickness of 
0.15 mm. With the temperature maintained at 300 * 10°C, a 
direct current density of 9536.4 A/cm2 was conducted for 159 
hours through the apparatus. By experimental measurements 
19 
it was shown that 78% of the current is conducted through 
the lithium. At the completion of the exneriment the steel 
tubing was then sectioned and analysed according to a 
standard procedure. The mass effect YL was calculated to be 
(3.4 ± 0.6)xlo-5 which is comparable to other metal systems. 
The investigation of tin, cadmium, and zinc bv Lodding 
(16), rubidium by Lodding (13, 17), and indium by Lodding, 
Lunden, and von Ubisch (18) also used a similar separation 
cell as defined in Figure 7. 
It was shown that the mass effect (JL) of tin increases 
from 1.13xlo5 at 558°K to 2.53xlo-5 at 863°K. The test 
conditions were 4335.7 A/cm2 for a duration of 17 days. 
In the case of zinc only one temperature run was com-
pleted at 510°K for a current densitv of 4419.9 A/cm2 over a 
period of 11 days. The mass effect was o.58xlo-5. Cadmium 
illustrated no temperature dependence between 643°K and 8l3°K 
as far as the mass effect is concerned. The values for rLat 
these temperatures are 1.20xlo-5 and 1.24xlo-5 respectivelv. 
This nominal difference is within the limits of experimental 
error. It is interesting to note the author made no attempt 
to explain this phenomenon of cadmium since the majority of 
liquid metals tested possess temperature dependent separa-
tions. 
Rubidium was investigated by Lodding on two different 
occasions, in 1958 (13) and in 1959 (17). So combining the 
data from these investi~ations the metals were tested at 8 
different temperatures and illustrates a definite tempera-
ture dependence. The mass effect is 0.48xlo-5 at 321°K 
20 
and increases to 2.0lxlo-5 at 415°K, but there ~s a discon-
tinuity in this increasing temnerature dependence because 
at 447°K the j{ value is 1.75xlo-5 and increases again to 
From temperatures of 479°K to 538°K, 
there is then a steady decrease in the mass effect. The 
current passed through the cell at all the temperatures 
investigated was approximately 3713.6 A/cm2 for a period of 
244 to 305 hours. It was noticed that at temperatures above 
180°C, the rubidium will visibly attack the capillary glass. 
This may explain the temperature decrease of~ at 447°K and 
would warrant further investip,ation. 
Due to the wide range of indium's liquid state, it 
proved a suitable metal for the temperature dependence in-
vestigation. As current is passed through the capillary 
filled with indium, In115 will be enriched at the cathode 
and likewise Inll3 will be enriched at the anode. Experi-
mental conditions include a current density of apnroximately 
4583.6 A/cm2 for a duration of 15-32 days at four different 
temperatures. At the termination of the test, the metal 
solidified and was divided into sections which were analysed 
in the usual manner. At 210°C, the values. of Inll5;rnll3 
and~ at the cathode were 22.4 and 0.64xlo-5 respectively. 
Increasing the temperature to 530°C changed these values to 
21 
23.9 and 2.6xlo-5 thus illustrating the temperature depend-
ence of the separation. 
After the literature has been surveyed it becomes ap-
parent that no definite test to determine the time for 
equilibrium has been devised. Numerous authors have inter-
runted the experiments either before or after equilibrium 
has been attained. The latter case, however, was probablv 
more prevalent due to the duration of the exneriments. In 
1961 Lodding (19) determined that the time for equilibrium 
in the alkali metals was not nearly as long as previous 
investigations indicated. So all of the previous measure-
ments for the mass effect in alkali metals which were correct 
relative to the temperature differentiation now are incorrect 
quantitatively with respect to time. This is due to the 
12 
surnassing of the critical time ~ = (21 = length of 
Deff 
separation tube, Deff = self diffusion coefficient) at which 
the mass effect should be measured. Although the determina-
tion of ~ is independent of Deff' it is dependent on a com-
parison of the isotope composition in the separation tube 
prior to and at the termination of the test. If the duration 
of the test is excessive, back diffusion will result which 
will decrease the value of the mass effect. A comparison of 
the values of ~ for the last metal reviewed for various 
temperatures will quickly illustrate this fact. Although the 
temperatures are not similar in the cases cited, the values 
presented do indicate the difference in magnitude. From 
Lodding•s data, the mass effect for indium which was 
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0.64xlo-5 at 483°K has changed to 1.35xlo-5 at 467°K and 
' "' .. 
2.6xlo-5 at 803°K has increased to 8.4xlo-5 at 853°K. The 
experimental period for these data was approximately one day. 
Baysden (4) in 1962 was the first investigator to use a 
self contained separation cell having no reservoirs. The 
time for equilibrium to occur was to be determined by the 
spontaneous measurement of the separation over a 20 em 
length of thin capillary tube filled with a radioactive 
isotope of mercury. The tube was placed in a temperature 
bath at 30°C with a current flow of 509.3 A/cm2. The 
separation due to the current passage in the Hg203 was 
counted over the entire capillary length at 1 em intervals. 
Baysden counted a large portion of the tube (2 em) due to 
the excessive opening in the lead shielding. It is evident 
that the time for equilibrium in this experiment may be 
faulty due to the poor rectification of the direct current. 
However the work of Baysden was the initial attemnt to 
follow an isotopic separation as it was occurring. 
Using approximately the same apparatus which is a capil-
lary length of 20 em, inner bore of 1 mm, and a current 
density of 547.8 A/cm2 at 6 volts, Arnold (5) followed up 
the previous investigation. Arnold followed the separation 
of isotopes at 1 em from the electrodes using a point source 
for counting. He also used a straight line direct current 
which provided feasible results. Using the same conditions 
of current and temperature as Baysden, it was shown that 
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equilibrium occurred at approximately 6 hours at 30°C. 
Arnold went on to illustrate the temperature dependence on 
the equilibrium counting ratio which is a concentration 
ratio of Cxc~ Co. It was shown that the equilibrium count-
ing ratio and time necessary to reach equilibrium both 
increased with increasing temperature to about 50°C and 
then decreased with a supplemented increase in temperature. 
2. Solid Metals 
In 1938 Johnson (20) noticed in wolfram filaments 
that the passage of direct current versus alternating cur-
rent produces different surface structures. He investi-
gated these resultant structures and found in the case of 
the direct current structure that it was apparentlv due to 
a migration of positive wolfram atoms. A thorium impreg-
nated wolfram filament illustrated that thorium accumulates 
at the negative end thus suggesting the drift of ions in the 
direction of the electric field. 
In 1956, the first pertinent investigation of the 
Haeffner Effect in the solid state was conducted by Haeffner, 
Sgoborg, and Lindhe (6). This experiment was performed on a 
3~7 mm length of uranium wire with a diameter of 1 mm ± 0.1 
mm. The wire was placed in a pyrex glass tube filled with 
argon which was circulated through heated uranium turnings 
to purify it. A current density of 2037.1 A/cm2 at 5.6 
volts was applied across the end points. Because of the 
varying diameter, the wire had a temperature differential of 
120° between 750° and 870°C as determined by a optical 
pyrometer. At the termination of the test which lasted ap-
proximately 171 days, the current was discontinued and the 
wire divided into 35 sections, 13 of which were analysed 
further. These samples were dissolved in nitric acid and 
treated chemically to obtain known weight samples of uranium 
oxide. It was then possible to determine the specific 0( -
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activity in counts/mg-minute of the uranium by use of a 
scintillation counter. Although it was not possible to cal-
culate the amount of separation that occurred due to the 
fact that the original specific ~-activity was not measured, 
the separation of u23 4 and u235 isotopes of uranium to the 
anode was still evidenced. 
The same vear (1956) Wever (21) conducted a transport 
experiment on the interrnetallic phases of Cu 3Al and CugA1 4 • 
A very steep temperature gradient was produced in the central 
portion of the elongated specimen which dropped off at the 
two cooled electrodes. The mobility of the ions at the 
electrodes was therefore negligible compared to those in the 
central zone. Reference marks were placed in the central 
zone and were noticed to move towards the anode below a 
temperature of 950°C, but as 1000°C was approached, trans-
port took place in the direction of the cathode. It was 
shown that the mass transport of both constituents took 
place toward the anode in the pphase (which is an electron 
conductor) but that the direction of transport was reversed 
in the Y nhase, where the current is carried bv holes. To 
clarify this, consider a transport of mobile atoms across 
the high temperature central zone thus causing a buildup of 
lattice planes in the cooler regions where they come to rest 
and a destruction of lattice planes in the electrode region 
from which they originated. As a result the reference 
marker tends to move in the direction opposite to electron 
26 
flow. This is also evidenced for the Al-Cu system investi-
gated bv Wever and Seith (22). 
Huntington and Grone (23) and Grone (24) in 1961 in-
vestigated Au and Cu respectively. The apparatus and 
analvsis for the experiments was very similar, so a con-
current discussion is in order. Wire specimens in a brass 
container were subject to a positive pressure argon atmos-
phere. A window was provided in the ton of the enclosure 
for the purnose of obtaining continuous measurements of 
marker motion during the course of a run. Light transverse 
scratches were made on the wire which served as the refer-
ence markers. The wire was supnorted bv cooled clamps in a 
horizontal plane while a current density of 10 4 amneres/cm2 
in the case of copper was passed through the wire. The 
central portion was heated while the electrode ends remained 
cool giving a symmetrical thermal gradient. The temperature 
in the central portion of the gold wire was 860°C ± l5°C and 
is read by a optical pyrometer. The reason thermocouples 
were not used for the gold and copper specimens was that 
possible welding damage to the wire could result during the 
fastening procedure. Measurements were taken ~n both wires 
by a Hilger Linear Comparator Microscope with a 1 ~ least 
count. For gold, the marker motion varied from 1~ per day 
at 860°C to 8~ per day at 970°C. When the current densitv 
was doubled and the experiment repeated, it became apparent 
that the marker velocity is proportional to the current 
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density. This can be verified by the plot of the velocity-
current density ratio versus the reciprocal of the absolute 
temperature (V/J vs 1/T). However for the copper wire the 
marker velocity increased up to 1000°C and at higher temper-
atures the direction of the marker motion reversed itself 
substantiating the work of Wever (21). No attempt was made 
to explain this phenomenon •. One of the reasons gold and 
copper were investigated at approximately the same time using 
similar equipment was due to the lack of reproducibility of 
data for the copper. This was believed to have resulted 
from inadequate protection of the copper from atmospheric 
contamination. Thus it followed that gold being a noble 
metal was a logical choice for study. 
Investipations by Huntington and Ho (25) on platinum 
wire also provided for increased marker velocity in the 
temperature ranges of 1480°C to 1670°C. The direction of 
marker movement is further explained by Huntington and Grone 
(23) by stating that vacancies which are formed in the 
lattice are moving to the cathode as the mass is transported 
toward the anode. The junction of the vacancies creates a 
pressure which is relieved by the movement toward the nega-
tive electrode. 
The effect of current on the mass transport of aluminum 
was accomnlished in 1964 by Pennv (26) who used a hollow 
~ ' .. 
cylinder in preference to a wire. 2S aluminum was used in 
which thermocouples were attached for more accurate control 
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than the ontical pyrometer previously used. However the 
technique of the measurement of marker movement remained 
similar. Since the thinner specimens has wall thickness of 
.008 inches at 1 1/4 inch length, at higher ternneratures 
the cvlinder was rechecked for axial distortion. The values 
of log V/J plotted versus 1/T verifies the statement that 
the mass transport was independent of the shape of the 
specimen and surface effects since it depends onlv on cur-
rent density and temperature. However the snecific resis-
tivitv of the effect in some metals appears to decrease 
linearly with increasing temperature. This anomalous 
effect occurs in copper above 900°C Hhere the marker move-
ment decreases to zero at l000°C. The movement of the 
markers resumes at any increase of temperature beyond this 
point. As vet, this nhenomenon ha.s not been explained. 
B. Mechanism of Senaration 
Since Haeffner ~errormed the initial experiment on 
liquid metals many mechanisms have been nroposed. Because 
of the elusive qualities of the liquid state no one 
mechanism postulated thus far will satisfy all conditions. 
One of the reasons for discrepancies in these theories is 
that the quantitative structural nronerties of the liquid 
state have never been determined, thus only the most 
~rominent mechanisms will be discussed. 
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Klemm (27) in 1954 was the first investigator to 
postulate a mechanism for the Haeffner Effect. He assumed 
that the liquid metal consists of a mixture of mobile and 
immobile ions and conduction electrons. The immobile ~ons 
which are disordered, do not undergo as many interactions 
with the conduction electrons. It is this lack of inter-
action with the electrons that allows the inmobile ions to 
be separated in the direction of current rlow. On the other 
hand, the mobile ions were then concentrated toward the 
anode as a result of numerous interactions with electrons. 
However, while these mobile ions are made up of both light 
and heavy isotopes, Klemm states that the lighter ions have 
a greater degree of ionization which reacts rather vigorously 
with the electrons thus causing a separation of the lighter 
isotope in the direction of electron flow. However the 
mechanism fails to consider the random nature of the dif-
fusion process where a temperature differential may be 
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involved in the liquid metals. 
Klemm's pronosed mechanism also is disnuted when solid 
metals are discussed because in wolfram (20) self-diffusion 
occurs toward the cathode while transport toward the anode is 
witnessed in the Cu-Al (28) system. Seith and Wever (29) 
later explains this phenomenon by stating that the normal 
Hall Effect provides self transport to the cathode. However 
the nreceeding assumption does not hold for liquid metal 
systems. Fiks (30) substantiated the effect of a magnetic 
field for the mipration of ions in liquid metals. He states 
that the magnetic field affects the electron svstem, which 
in turn creates forces or a pressure gradient on the ions 
thus causing movement. 
Bresler and Pikus (31) conducted an exneriment on 
liquid mercurv containinp 6 isotopes with mass numbers of 
198 to 204. They noticed that the heavier isotooes were 
enriched at the cathode and that the degree of senaration 
was nroportional to the difference in masses. Also it was 
shown that the mercury isotope 201 concentration remained 
constant for the duration of the experiment. An explanatory 
conjecture is that since the amplitude of vibrations of the 
heavier isotopes is smaller than that of the lighter iso-
topes, the heavier isotopes will then possess a smaller ion 
radius. This would then explain the difference in mobili-
ties of the light and heavy isotopes since this difference 
can readily be correlated to the change of ionic radius which 
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in the case of a larger ion radius would result in more inter-
actions with electrons. These isotooes move toward the anode 
while the net flux of material moves in the direction of the 
electric field. The heavier isotope would thus be concen-
trated in the direction of the electric field because of 
greater mobilitv due to the smaller number of electron inter-
actions. 
de Gennes {32) postulated that the movement or oscilla-
tion of light isotooes about a point resists the movement of 
the electrons. So due to the higher amplitude of vibration, 
the lighter isotopes undergo more impacts and essentiallv 
are transported by them. This mechanism also included a 
relationship between the coefficient of diffusion and vis-
cosity with the frequency of oscillation. Due to the 
greater effective cross sectional area caused by the oscilla-
tion of the lighter isotopes, the isotopes of lighter mass 
will be carried to the anode which is the direction of 
electron flow. 
A theory on self-diffusion in liquid metals was pro-
posed by Swalin {33, 34) which explained the atom movement 
as a thermally activated jump into a neighboring hole. 
However this hole is not a vacancy as it exists in solid 
metals. The atom before it moves into a hole must surmount 
an energy barrier. Swalin's theories are based on solute 
diffusion in liquid metals and do not fully explain the 
mass flow of isotopes when direct current is introduced, 
however the diffusion or mass transport here also is 
32 
dependent on the viscosity of the solvent and radius of the 
diffusing particle. 
Wever and Seith (36) postulated a mechanism to explain 
the results in the Al-Cu system where both components mi-
grated toward alternate electrodes in different phases. The 
interaction between the charge carriers and the moving atoms 
are a means to determine the direction of motion by the 
transfer of momentum to the atoms at a barrier. This mecha-
nism takes temperature into account and helps explain why Cu 
and Al were transported to the anode in the ~phase which is 
an electron conductor, but then were transferred to the cath-
ode in the r phase where the current carriers are holes. 
Jacobs (35) speculated that the direction of a negative 
free energy gradient produced in a metallic conductor is 
toward the positive electrode. Due to the existing free 
energy gradient diffusion will occur toward the negative 
free energy gradient. The rate of diffusion is directly 
related to the frequency of oscillation about their equilib-
rium positions from which the vibrational frequency is in-
versely proportional to the square root of the mass of an 
atom. Since diffusion takes place in the direction of the 
negative free energy gradient, the diffusion of the light 
isotopes in the system will be greater toward the positive 
electrode than at the negative electrode. This mechanism 
also takes into account the effects of temperature on the 
separation. 
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III. OPERATIVE APPARATUS 
A. Scaler 
An Ekco Electronics Automatic Scaler, type N530F, was 
used for all the counting in this experiment. It is a com-
bination six-decade scaler and timer so that either a ore-
determined count or time mav be counted. The range of 
counting was from 100 to l,ooo,ooo counts for pre-determined 
times of 100 to 1,ooo,ooo seconds. 
B. Scintillation Counter 
An anthracene crvstal was used in conjunction with a 
photomultiplier tube and amplifier which composed the scin-
tillation counter. The crystal is f3 and Y sensitive, how-
ever Y rays were principally counted. Due to the high 
absorptivity of the ovrex glass tube and oil for the)3 rays, 
their detection by the crystal was not possible. The 
energies of ~and Y radiations are given in Table 1. 
The original scintillation counter used in this investi-
gation was a Nuclear Corporation of America Model SA-SA. 
This was a two piece scintillation detector with the crvstal 
and photomultiplier tube being separate from the amolifier. 
In the latter portion of this investigation a one piece 
self contained unit was built housing the original crystal 
and tube in conjunction with a new solid state amplifier. 
The amplifier was built from the plans of Technical Associates 
Modified SD-6 amplifier with the intended purpose of de-
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TABLE 1 
The Radioactive Properties o·f Mercury - 20 3 
Half-life of the 
Isotope 
47.2 ± 0.7 days 
Energies of Radiations 
(in Mevs) 
0.208 
0 0. 2 86 
e 0.20, 0.27 
creasing the fluctuation and noise level of the scintilla-
tion counter. 
-c. Separation Cell 
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A thin walled pyrex capillary tube was used for the 
investigation of the Haeffner Effect. The tube possessed an 
inner bore of 1 mm diameter with a 1.65 mm outside diameter. 
The length of the entire cell was 23 em while the horizontal 
distance between the electrodes was maintained at 20 em. A 
1.5 em section at each end of the capillary tube was bent at 
a 45° angle to facilitate filling with mercury and for hold-
ing the wolfram electrodes in place 9 (Figure B). The bore 
and wall thickness were determined by a filar eyepiece 
mounted on a microhardness tester. 
D. Assembled System 
The mounting of the scintillation counter was accom-
plished by placing this unit in an upright position in a 
lead shield over the separation cell, (Figure 9). For 
successful measurements to be taken without excessive back-
ground radiation, a shield with a considerable thickness of 
lead had to be provided. A l mm hole (No. 61 drill) was 
drilled in the bottom of the assembly to follow the separa-
tion of a 1 mm length of tube at any given counting position. 
Unfortunately this opening had to be enlarged in some in-
stances when the isotope became considerably weaker so that 
a proper sample to background ratio could be maintained. To 
center the shield, a probe was thrust through the hole so 
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that the capillary tube could be located. The position of 
the lead shield was adjusted by bolts located 120° apart 
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on the plywood support. The shield was suspended through a 
center hole in the plywood by the means of three bolts ex-
tending through the plywood which are then fastened into 
nuts mounted on the side of the lead shield. Figures lOA 
and B illustrate that the shi~1d containing the counter can 
be oriented in any suitable position without its removal. 
The plywood frame containing the shield is held by a 
metal holder which has a vee-groove on one side and a flat 
surface on the other, Figure llB. This assembly is placed 
on a rack with a corresponding angle iron. On the bottom 
of the metal holder assembly are welded two bolts through 
which a 2 3/4 foot threaded rod is placed to facilitate 
forward and reverse movement of the lead shield. By turn-
ing the threaded rod, the scintillation counter may be 
located over any portion of the separation tube so a measure-
ment of the intensities of radiation at any given position 
may be made. A side view of the depicted apparatus is shown 
in Figure llA. 
E. Electrical Circuitry 
Three different A.C. line sources were used to energize 
the electrical support apparatus, Figure 12. A selenium 
rectifier was used to charge the storage batteries which are 
used as the D.C. current source. The thermoregulator con-
trolled the cycling of the immersion heater by the use of 
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several circuit breakers or switches. 
The A.c. voltage to the decade scaler was stabilized 
as much as possible by two constant voltage transformers 
connected in series. In series connection the Sola Trans-
formers show little detectable change in output arising from 
supply line variations of up to ± 15%. These transformers 
are intended for a nominal 60 cycle power supply, but even 
in series combination the output voltage may vary up to 
0.25% for every change in line frequency of 0.1%. 
IV. EXPERIMENTAL PROCEDURE 
A. Introduc·tion 
In the following discussion the advantages of the use 
of isotopic mercury, a thin walled capillary tube, and 
wolfram electrodes are briefly examined. 
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Mercury was a logical choice for the investigation of 
the Haeffner Effect for the following reasons: (1) Mercury 
has a sufficient number of isotopes, one of which has a 
suitable differential in mass from that of.the atomic mass 
of stable mercury, which enables it to be used for detection 
purposes. (2) Hg 203 which is the second heaviest isotope 
of mercury has an adequate half life (47.2 days) to make it 
a suitable tracer. (3) Mercury 203 emitts ~ andY radia-
tion which are readily detectable. (4) Mercury is in the 
liquid state from -38.36°C to 357°C which alleviates the need 
for outside heat sources. (5) Mercury shows no tendency to 
attack pyrex glass as is evident in investigations involv-
ing alkali metals. 
The advantages of a capillary tube in investigating the 
Haeffner Effect are two fold. First a greater current 
density (amperes/cm2) can be maintained with a decrease in 
cross sectional area of a conductor. Also due to the small-
er cross sectional area, convection currents within the tube 
are less likely. An added advantage of a thin wall tube is 
a rapid heat dissipation resulting from the current passage. 
Wolfram proved to be a suitable material for the 
electrodes because: (1) Wolfram has a lower electrical 
resistivity than mercury thus eliminating a heating effect 
at the ends of the capillary tube. (W-5.5 microhm-em, 
Hg-94.1 microhm-em). (2) Wolfram is practically insoluble 
in mercury at room temperature. The solubility of W in Hg 
is 1 x lo-5 weight per cent. 
B. Preparation and Purification of Isotopic Mercury 
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The Hg (203) was obtained from the Isotopes Division of 
Oak Ridge National Laboratory. A 15 mcs. isotope source 
possessed a specific activity of 1954 mc/g and was received 
in a 2.32 normal mercuric nitrate solution. At the time of 
packaging the unshielded intensity of radiation was 180 
mr/hr measured at 3 inches from the source. The properties 
of the radioisotope are listed in Table (1). 
Since the tagged mercury ions were present in a 
mercuric nitrate solution, it was necessary to reduce them 
from this acid solution. The recovery was accomplished in a 
electrolytic cell, (Figure 13). Approximately 15-20 grams 
of stable triple distilled mercury was placed in the bottom 
of a 70 ml. narrow mouth separatory funnel to act the cathode. 
50 ml. of 2N HN0 3 was added to the Hg(N03> 2 solution which 
was then placed in the electrolysis cell. An electrical 
connection was accomplished by placing a platinum wire 
inside a sealed glass tube so that the wire was only exposed 

















ing solution. The anode was made of a thin sheet of plati-
num about an inch squa~e. A cu~rent of 0.4 amperes was 
passed through the solution for a period of 8-10 hours to 
facilitate an ample recovery of the tagged mercu~y atoms. 
The cathodic mercury in the bottom of the separatorv funnel 
which is now radioactive is withdrawn by opening the stop-
cock. To check on the success of the electrolysis, an 
activity survey was made of the decantate and tagged mer-
cury. After a period of 10 hours the Hg(N0 3 >2 solution 
measured less than 2 mr/hr while the mercury which previous-
ly was non-radioactive measured 90 mr/hr at an inch distance 
from the source. These intensity measurements were deter-
mined with a Technical Associates Ionization Chamber. The 
activity of the cathodic mercury after electrolysis is con-
trolled by the volume of the original non-radioactive 
mercury which was present. The tagged mercury was then 
cleansed by a decantation process in distilled water. 
The next step was the triple distillation of the tagged 
mercury under a vacuum in a pyrex distillation tube. The 
condensate was collected in a water cooled trap, but before 
~eplacing the distilled mercury in the distilling flask for 
each successive run, the flask was thoroughly cleansed with 
mercury to remove all traces of impurities. After three 
successive distillation operations the condensate was 
thoroughly mixed before use. 
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c. Filling of the Separation Cell 
The first step was to drive out all the moisture by 
heating the tube before filling with mercury. A quantity of 
tagged mercury was placed in a syringe with a clear plastic 
tube acting as a connector. This mercury is then released 
into the capillary tube very carefully to prevent air 
bubbles from breaking the continuity of the mercury. Ap-
proximately 0.157 millimeters or 2.127 grams of mercury was 
placed in the horizontal portion of the capillary tube. 
Wolfram electrodes were thrust into the tube ends until an 
electrical connection was made with the mercury. During 
this investigation the ends of the capillary tube were not 
sealed. The tube was then carefully positioned and locked 
into place in the separation cell assembly. 
D. Temperature Control 
The temperature of the separation cell was essentially 
controlled by placing it in a thermally controlled oil bath. 
This bath was contained by a plexi-glass tank fitted with a 
stirring device. A thermoregulator controlled the tempera-
ture of the oil bath within ±0.5°C by means of a relay in 
conjunction with the current source. The current was sup-
plied to a 750 watt flexible immersion heater coiled 
beneath the oil so that the heating would be as uniform as 
possible. 
However there is doubt that the mercury in the capil-
lary tube was at the temperature of the oil bath since the 
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Joulian Heating Effect is present when current is applied. 
So a check on the significance of this temperature variation 
was in order. The first step toward determining this 
temperature is to calculate the resistance of the mercury 
at the operating temperature. Routine calculations which 
were corrected for temperature variation were made based on 
2.127 grams of mercury in the tube. The equations R =eL/A 
and R = R0 [1 +~(T2 - T1)] were used to obtain a value of 
0.246 ohms at 50°C. An experimental value of 0.23 ohms 
obtained at 20°C closely corresponds to the calculated 
value. See Appendix I for calculations. 
The resistance and current values (0.246 ohms and 4.5 
amperes respectively) were then used to calculate the heat 
generated per unit volume in the following thermal relation-
ship. See Appendix IV for calculation symbols. 
[ 1 
In the development of this equation several assumptions were 
made. 
1. The end heating effect was neglected due to the low 
electrical resistivity of the wolfram electrode. 
2. The mercury in the pyrex capillary conducts heat 
as a solid since there is no movement within the 
tube to affect the heat transfer. 
3. Assume constant thermal conductivity for mercury 
and glass with an increase in temperature. The 
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change of thermal conductivity in oil is negligible 
with an increase in temperature. 
4. Assume natural convection for the convective heat 
flow from the glass to the oil since it was not 
possible to formulate a model for forced convection 
in this case. 
The combination of assumptions 1 and 2 suggest a one dimen-
sional heat flow in a radial direction. 
Upon solving the equation in Appendix I, it becomes 
apparent that this current heating effect is of considerable 
magnitude. An increase of 52.4°C of the mercury over that 
of oil bath indicates that the constant temnerature bath 
does not adequately control the temperature of the separa-
tion cell. Of course this value is high since the extreme 
case of natural convection was considered, but this was 
necessary as the random stirring motion did not correspond 
to any model of forced convection. However, taking this 
point into consideration, the increase of temperature is of 
such a magnitude that it illustrates the error in assuming 
the existance of identical temperatures of both the mercury 
and the oil bath. 
E. Current Control During Separation 
A direct current of 4.5 amneres obtained from a 6 volt 
storage battery was passed through the mercury contained in 
the capillary tube. It was necessary to recharge the 
storage battery every 3 hours to prevent damage. The current 
was controlled by a variable resistor in a series circuit. 
Using the dimensions given in Figure 8 for the separation 
cell the calculated current density is 572.9 ampere/cm2. 
F. Counting Procedu:re 
The counting was accomplished at a definite position 
for any given run. These positions were located at either 
0 em or 1 em from the cathode. 
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Variable time was recorded for either 100,000 or 
300,000 counts at constant high voltage and discriminator 
bias voltage settings. This is verv important as a change 
of either bias voltage or high voltage can alter the read-
ings as shown in Figure 14. It is evident that if readings 
are taken on the plateau of the curves at a constant high 
voltage, minimization of the reading will result if the 
bias voltage changes. Also, the reverse relationship is 
correct. The position of the curves on the graph for a 
given bias voltage also depends on the discriminator zero 
adjust. This explains the lack of relationship between the 
various placement of the curves. 
One of the reasons the discriminator bias voltage ad-
justment is so important is that this is the voltage across 
the grids of the photo-multiplier tube which controls the 
limits on the height of the pulses admitted to the decade 
scaler. For some reason a change of amplifier from Model 
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Model SD-6 amplifier could only operate at one bias voltage 
setting (12), Runs 3, 4, and 5 resulted in poor data. Bias 
voltages of 11 and 13 resulted in the curves being complete-
ly off the graph. This was inherent in the solid state 
amplifier in that no other bias voltage could be used and 
still maintain a mains count. 
A mains count was taken before each experimental run 
for at least lOK counts. This was to signify that the 
scaler was operating properly since it could count line 
frequency. 
G. Statistical Analysis 
To systematically analyze the counting data, a statis-
tical analysis was designed previous to the actual operation 
of the experiment. Five readings comprising a subgroup were 
taken every 3 hours for the duration of 18 hours. These 
data which are initially recorded in seconds for either lOOK 
or 300K counts are converted to counts/second and then 
corrected for half-life. See Appendix III for data. 
The data then was analyzed to determine if the statis-
tical behavior was random or nonrandom by constructing R and 
~ control charts. R is the algebraic difference of the 
lowest and highest value in the subgroup while ~ represents 
the average. A range chart measures within subgroup varia-
tions and also gives a between subgroup comparison by plot-
ting data about a mean of individual R values. The averages 
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of the subgroups (~) are plotted in an ~ control chart to 
determine the between subgroup levels of the data. All the 
control charts were plotted from calculations similar to 
those in Appendix II. 
So with these concepts in mind, the experimental runs 
were made initially with the current off and then with the 
current on at constant machine settings. The purpose of 
this approach was two fold in that it provided a method to 
check the operation of the scaler over a long period of time 
and also provided a correlation between current off and 
current investigations. With the current off, one would 
expect a perfectly random pattern of data points within the 
control limits if the experimental apparatus was performing 
properly. With the current on, a systematic nonrandom 
trending of the data, which would require slanting lines for 
the average and control limits to encompass the data would 
normally be expected. If the data points fall outside the 
upper and lower control limits of the ~ control chart dis-
playing nonrandom behavior, it becomes apparent that 
extraneous variables which are time dependent are affecting 
the data. 
The next important statistical consideration is the 
length of time for counting. It was decided that it was 
feasible to increase the number of counts thereby increasing 
the time to count this quantity. The reason for this is the 
added accuracy of the measurement of a large number of 
counts in comparison with a smaller number of counts. An 
application of an equation for standard deviations to the 
data of Run 2A in Appendix II and Table 2 illustrates that 
an increase in count time results in a lower percentage 
deviation. 
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It is also necessary to adjust the scaler so a proper 
ratio of time for a preset count is maintained between the 
sample and background. This time factor can be controlled 
by the specific activity of the isotope, the distance of the 
counting apparatus from the radioactive source and adjust-
ment of the scaler settings. If any of these controlling 
factors decrease the ratio of time between the sample and 
background substantially, a corresponding decrease in the 
accuracy of the data will result. It therefore was manda-
tory to protect the scintillation counter with a lead 
shield to screen out extraneous radiation thus preventing 
the background count from being anomalous. 
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V. EXPERIMENTAL RESULTS 
The data from the expe~imental ~uns depicted in the 
control charts was obtained unde~ various operating condi-
tions. Each run number and the co~responding letters 
represent a compa~able set of data recorded unde~ a current 
on and current off situation at specific operating condi-
tions. The data for Runs lA, lB, 2A, and 2B was obtained 
using a model SA-SA amplifier while the remaining runs used 
a solid state (Model SD-6) amplifier. Changes of the high 
voltage and discriminator bias were made to facilitate an 
improvement in the accuracy of the data. The relationship 
and effect of these scaler changes are discussed under the 
Counting Procedure on Page 49. The movement of the counter 
location from 1 em to 0 em from the cathode was made to 
increase the possibility of counting an increase in the 
concentration of Hg203 • In order to gain additional count-
ing accuracy, the number of counts was increased from lOOK 
to 300K for Runs 4 and s. The temnerature at which all the 
data was recorded was 50°C, however this represents the oil 
bath temperature and not the temperature of the mercury. 
Since an adequate number of graphs illustrate ~ values 
falling outside of the 3 sigma limits of the ~ control chart 
with current off, it is apparent that an outside variable is 
present. Thus the lack of stability of the decade scaler 
over a period of time can be cited as the cause of the 
er~oneous ~esults. Also it was noticed that the~e were no 
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consistent trends evident with the current on, illustratin~ 
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1. Run lA - Current orr 
2. High voltage - 1600 volts 
3. Discriminator bias - 10 volts 
4. Amplifier - Model SA-5A 
5. Location of counter - cathode (1 em) 
6. Counts - lOOK 
1. Temperature - 50°0 
Figure 15 
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Figure 16 
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1. Run 2A - Current o£f 
2. High voltage - 1650 volts 
3. Discriminator bias - 20 volts 
4. Ampli1'ier - Model SA-5A 
5. Location of counter - cathode (1 em) 
6. Counta - lOOK 
7. Temperature - 50°C 
Figure 17 
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Figure 19 
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1. Run 3B - Current on 
2. High voltage - 1650 volts 
3. Discriminator bias - 12 volts 
4. Amplirier - Solid state - Model SD-6 
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B. Temperature - 50°0 
Figure 20 
Control Charts for Run 3B 
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3. Discriminator bias - 12 volts 
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l''igure 21 



















0 --]. ____ 2 ____ 3 ___ 4 ___ 5 ___ 6 ___ 7 __ _ 
Subgroup Numbers 
Operating Conditions 
1. Run 4B - CUrrent on 
2. High voltage - 1650 volts 
3. Discriminator bias - 12 volta 
4. Amplifier - Solid state - Model SD-6 
5. Location ot• counter - cathode (O em) 
6. Counts - )OOK 
1. Current density- 572.9 ampere/cm2 
8. Temperature - $0°C 
Figure 22 
Control Charts for Run 4B 
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Subgroup Numbers 
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1. Run 5A - Current off 
2. High voltage - 1650 volta 
3. Discriminator bias - 12 volta 
4. Amplifier - Solid state - Model SD-6 
5. Location of counter - cathode (0 em) 
6, Counts - JOOK 
1. Temperature - 50°C 
Figure 23 
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Figure 24 
Control Charts for Run 5B 
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Run 5C - Cur1·ent on 
High voltage - 1650 volts 
Discriminator bias - 12 volts 
Amplifier - Solid state - Model SD-6 
Location or counter - cathode (0 em) 
Counts - )OOK 
2 Current density - 572.9 ampere/em 
Temperature - 50°0 
Figure 25 
Control Charts for Run 5C 
VI. DISCUSSION OF RESULTS 
An examination of the control charts indicated that 
most of the data was of a non-random nature illustrating 
that the spurious counts resulted from the counting equip-
ment rather than from nuclear radiation. The scaler pro-
duces fairly stable data for short periods of time because 
the data in the range charts is within the control limits. 
It also becomes evident that if the Haeffner Effect in 
isotopic mercury is measurable at short periods of time, 
these results may have been masked by the poor performance 
of the equipment. 
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Even though a comparison between Figures 17 and 18 
would seem to indicate a separation at the cathode, it is 
not adequate assurance due to the fact that reproducability 
of data is mandatory for such assumptions. Furthermore 
Figure 23 indicates a drastic separation, but this observa-
tion must be considered false after checking Figures 21 and 
22 which illustrates the same result even with the current 
off. It is also evident that the graphs plotted from the 
data obtained by using a solid state amplifier (Model SD-6) 
show increasingly nonrandom data. This is to be expected 
since a small change in the bias voltage would practically 
void the counting process as evidenced in Figure 14. 
Originally it was intended to further Arnold's (5) work 
by using different current densities and temperatures. But 
it soon became apparent that suitable results were not 
forthcoming at high current densities, therefore this 
present investigation resulted in an attempt to duplicate 
Arnold's work in an effort to substantiate his results. 
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This author finds Arnold's work inadequate for basical-
ly two reasons. First, all of his data was taken without a 
statistical analysis of his equipment, an analysis of the 
division of time alloted for the counting of sample and 
background, or a check on the mains count. Furthermore there 
was no investigation of data at current off conditions to 
substantiate the adequacy of the counter and scaler. A 
brief error analysis of his data upon which the separations 
were based showed an accuracy of the change in counting from 
22.1 to 86.2%. By extrapolation of his reported data, it 
became apparent that all the separations were based on a 
time differential of 0.2 to 0.9 seconds for a 1000 counts. 
This seemed to be inconclusive evidence in lieu of the lack 
of sufficient statistical analysis. 
Secondly, Arnold illustrated the temperature dependence 
of the separations with a constant current. The calculation 
of the bulk temperature of the mercury inside the canillary 
tube in Appendix I, despite representing the worst heat flow 
conditions at natural convection, illustrated the fact that 
the separation is more current dependent than temperature 
dependent. Lodding (13) agrees with this observation by his 
determination of temperature in a metal column using a 
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resistance relationship. However in this author's investi-
gation, the temperature of the bath was listed as 50°C 
because of the lack of a precise temperature value. The 
experimental setup did not lend itself to any forced con-
vection models, therefore only a relative calculated 
temperature increase was obtained. 
Unfortunately, this thesis does not indicate the possi-
bility of the measurement of a separation with the absence 
of a reservoir in the system by a counting method. Croy (9) 
in 1962 incorporated a reservoir into the system and was not 
able to measure a separation until at least 50-60 days had 
elapsed. The absence of a mercury reservoir mav decrease 
the time for equilibrium to be reached. Figure 4, from the 
work of Bogoiovelenskii, Grigorev, Rudenko, and Dolgopolov 
· (7), illustrates the small change in concentration at the 
cathode for times of 340 to 1800 hours. Since this concen-
tration change will be small even in the absence of a 
reservoir, it is this author's contention that a decade 
scaler may lack the resolution to detect a minute change in 
a 18 hour period. 
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VII. CONCLUSION 
After a statistical examination of the data. it was 
evident that the decade scaler was not performing properly. 
This prevented an accurate measurement of the isotopic con-
centration from being made at the cathode. Therefore the 
existence of the Haeffner Effect in liquid mercury for a 
duration of 18 hours could neither be substantiated nor 
repudiated. 
After an investigation of the heating effect in the 
capillary tube due to the passage of current, it was possible 
to question previous work in this regard. It was shown that 
the temperature of the mercury is not primarily dependent 
on the bath temperature but on the current density passing 
through the mercury. 
Although this investigation does not prove the feasibil-
ity of the possible accurate measurement of the Haeffner 
Effect over shorter periods of time, it does indicate that 




Before additional investigational work is attempted on 
the Haeffner Effect in mercury for a long period of time 
using a decade scaler, it is suggested that the counting 
equipment be thoroughly checked out statistically for at 
least the test duration. During this period, the scaler 
should be capable of maintaining data control within the 
~36x limits of the ~ control chart. Also, effect of ambient 
temperature changes on the scaler should be evaluated. 
It is mandatory that the separation cell be incorpo-
rated in a controlled temperature and velocity cooling 
system, so a proper model of forced convection may be used 
to calculate accurate bulk temperature of the isotopic 
mercury at the various current densities. This could be 
accomplished by placing a reusable capillary tube in a heat 
exchanger casing using water as a coolant under controlled 
conditions. 
Due to the low penetrating power of the ..(} rays t a 
barrier of glass and oil prevent the radiation from being 
detected by an anthracene crystal. So it is suggested that 
a Nai (Y-ray sensitive) crystal be used since only ¥ rays 
are counted under these conditions. 
It is recommended that if additional experimentation 
proves that the counting method has insufficient accuracy 
for detection of the Haeffner Effect over shorter periods of 
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time, that the added resolution be obtained by the use of a 
mass spectrometer. 
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APPENDIX I 
Calculations of the maximum temperature of the 
mercury in the capillary tube under natural convective 
conditions. 
1. Calculation of the resistance o£ mercury. 
2. 
R = E>L where e = 94.1 x 10-6 ohm-em 
A 
L = 20 em 
r = .05 em 
R:::. 94.1 x 10- 6 ohm-em (20 em) = _24..n..at 20oc 
(.05 cm) 2 (3.1416) 
Correction for temperature (50°C). 
R = R0 ( 1 + o<-.( T2 - T1 >) where oc ==- • 00088° C -l 
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). 
R - .24( 1 + .00088 (50°0 - 20°C >] ::. .246..n. at 50°C 
• 2 qri 
Tm - Ti = 4k;' gives the heat :flow within the 
mercury considering a cylinder of radius ri with 
a uniformly distributed heat source and constant 
thermal conductivity. 
4. Fourier's Law q = qv = 27TkgL(Ti Tw) gives the 
ln(r0 /ri) 
5. 
heat trans:fer through the glass capillary only 
for the following boundary conditions. 
T - T1 at r - r 1 
T = Tw at r = r 0 
Newton's Law Tw - T = .9.,_ furnishes the heat 
00 hA 
transfer :from the capillary tube sur:face out in-
to the bath by convection. 
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6. By addition or these rormulae T1 and Tw can be 
+ 1 J hr0 
The rollowing ror.mulae and data were required 
for the solution or the preceeding equation. 
7. Calculation of the heat generated per unit volume. 
8. 
where I = 4.5 rumperes 
rrr1 
2 L r 1 = .00164 rt 
L =- .655 rt 
·- (4.5 amp) 2 (.246 ohm)(3.413) 6 q = 3.071 X 10 Btu 
3.1416(.00164 rt> 2 <.655 rt) hr-rt3 
Calculation or * h using data at film temperature: 
T 0 0 Tf = T + 149 F + 122 F 135.~F w tO= :: 
2 2 
Where: k = .081 Btu/hr-rt-°F 0 
km = 4.7 Btu/hr-ft-°F 
k = .653 Btu/hr-rt-°F g 
53.94 lb/rt3 f -
cP - .489 Btu/lb-°F 
p 
-
.39 X 10-3 l;oF 
v = .803 x lo-3 f't2/sec 
32.2 ft/sec 2 g = 
c = .53 
m = 1/4 
JA. =ev 
~ The film temperature is evaluated at the surface 
of the capillary tube. 
GrPr: Cpgj?>{Tw - T_ )f2L3 
ko }A 
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GrPr- (,489 Btu/lb-°F) (32.2 ft/sec 2 ) (3600)(.39 x 106 °F-l 
{,081 Btu/hr-ft-°F){,803 x 10-3 ft2 /sec) 
(l49°F- l22°F}(53.94 lb/ft3 )2 (.65$ ft) 3 
<.53 .94 lb/ft3 ) 
+8 GrPr = 1.365 X 10 
Nu ~ C ( Gr Pr )m 
Nu = .5J{l,J65 X 10+8 )114 = 57,24 
h ~ k 0 Nu 
L 
h = ( .081 Btu1)r-ft-°F) (57.24) - 7.165 Btu/hr-f't2 -°F (. 55 ft) 
g. So substituting these values into equation 6 we have: 
Tm- 122°F =[O.OZl x 106 BtuLh~-i't3)(1.64 x 10-3 ftlj 
[ 
1 ( .2 0 X 10-)f't) 1 + n l x 10 f' 
2(5.43 Btufhr-ft-°F) .6531 Btu r-f't- F 
+ (7.165 Btu/hr-ft;-°F)(.002703 ft)J 
Tm = 216.7°F : l02.4°C 
APPENDIX II 
Statistical Analysis Calculations 
1. The rollowing table is a statistical treatment o£ 
data for Run 2A which resulted in the completion of 
a control chart. To facilitate easier calculations, 
the data was normalized by a choice o£ coded numbers 
which were used to reduce the magnitude o£ the data. 
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Table 2 gives the coded values for all the experimental 
runs so any o£ the corresponding charts may be recon-
structed from the data in Appendix 
Run 2A 
Subgroup xl x2 x3 x4 
1 
-4.7 -4.7 -4.7 -2.8 
2 +8.7 -15.7 +0.5 +8.7 
3 +5.6 +5.6 +5.6 -2.5 
4 +19.3 -5.3 -5.3 +11.1 
5 -8.3 +16.3 -0.1 -0.1 
6 
-10.9 -2.8 -2.8 +5.4 
7 -13.9 -13.8 +2.4 -5.7 






x5 x R 
+3.5 -2.68 8.2 
+8.7 +2.18 24.4 
-2.5 +2.36 8.1 
-5.3 +2.90 24.6 
+16.3 +4.82 24.6 
+13.7 +0.52 24.6 
-13.8 
-8.94 16.2 
Calculation of the center lines and control limits 
for the control charts: 
-1.16 = -0.16 
7 
130.7 = 18.67 
7 -
Originally the control limits were designated as 
= ... X - 36x, but now to facilitate calculations these 
limits may be expressed in terms of a constant A2 
wbich has been previously computed for a given number 
of' k values. 
X Chart 
UCL ='X+ A2R = +0.16 + 0.577{18.67) = +10.93 




'R = 2.115{18.67) - 39.48 
LC L = n3 R :::. 0 ( 18 • 6 7 ) = 0 
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Af'ter the upper and lower control limits of each chart 
have been calculated, the X and R values for each sub-
grouping are then plotted. 
2. Standard Deviations of Background and Sample. 
If' n is the number of counts totaled over a time inter-
val t, then the counting rate R is: R ~ n/t • The 
counting rate with its standard deviation may be ex-
pressed as R ± 6 = n/t :t n 1 / 2 /t or in terms of' per-r 
centage error as R :!: 100/n
1/ 2%. If n= 100,000 counts, 
~ = 40.4 c/s and Rs:::: 2865.3 c/s fro:m Appendix III, then 
the percentage error of the sample and background are: 
Rb '! lOO%/n112 = 40.4 c/s ~ .316~ 
R
8 
± 100~/n1/2 = 2865.3 c/s t. .316~ 
3. Calculation of the percentage accuracy or the divi-






[~oi ]l/2 86 .3 = .1183 
tb + t 8 = 100 
So: .1183t8 + ts = 100 
~ :=. 10.58 
Then Percentage Accuracy -
1/2 
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The Coded Values and Background Counts for the Various 
Experimental Runs: 
Run Coded Value Background Count 
1 A 2170 38.6 c/s 
B 2130 
2 A 2870 40.4 c/s 
B 2810 
3 A 2500 14.3 c/s 
B 2460 
4 A 2080 11.7 c/s 
B 2055 




The rollowing data was used in the preparation of 
the data control charts. All the data presented was 
taken at 50°C at a constant current or 4.5 amperes. 
Run No. 1 
Time in Hours Counts/Second Corrected for Half-life 
A. Current Off B. Current On 







































Run No. 2 
Time in Hours Counts/Second Corrected for Half-life 
A. Current Off B. Current On 




2873.5 281 .9 





























28.5 .2 2824.2 
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~ No. 3 
Time in Hours Counts/Second Corrected for Half-life 
A. Current O:ff B. Current On 



















12 2.543-7 2462.8 
2.543.7 2468.9 
2533-t 2450.8 2.524. 2462.8 
2.512.0 2456.9 









2496.5 24 o.o 
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Run No. 4 
Time in Hours Counts/Second Corrected for Half-life 
A. Current orr B. Current On 




































Run No. 5 
Time in Hours Counts/Second Corrected for Half-life 
Current Off Current On 
0 A. 1741.1 B. 1827.0 c. 187.5.5 
1748.2 1832.6 1847.2 
1733.1 1833.7 18.50.7 
1729.1 1834.8 1846.1 
1735.1 1828.1 1845.0 
3 1750.4 1834.8 18.51.8 
1752.4 1837.0 1854.1 
1752.4 183.5.9 1860.9 
174.5.3 1835.9 1846.0 
1750.4 1838.1 1849 • .5 
6 1773.0 1851.6 1844.8 
1767.8 1843.7 1842.5 
1766.8 1847.0 183.5.8 
1776.2 1838.1 1836.9 
1769.9 183.5.8 1848.2 
9 1796 • .5 1881.7 1901.9 
180.5.2 1874.8 190.5 • .5 
1800.9 1898.3 1917.6 
1799.7 1881.7 1911.6 
1803.0 1882.9 1916.4 
12 1839.3 1889.8 188.5.1 
1846.0 1881.6 1891.1 
1836.0 1888.7 1887 • .5 
1843.7 1889.8 1893.4 
1842.6 188.5.1 188.5.1 
1.5 1843.9 1881.8 1887.6 
184.5.0 1882.9 1893 • .5 
18.51.9 1877.0 1881.8 
1840.6 1881.8 188.5.2 
184.5.0 187.5.9 1880.6 
18 1860.8 1869.8 1889.8 
18.52.9 1857 • .5 1889.8 
1850.6 1857.5 1892.2 
1856.1 1847.3 1888.4 














Nomenclature for the Preceeding Calculations: 





Temperature coefficient of 
resistivity 
Mean bulk temperature of Hg 
Inside wall temperature of Hg 
Outside wall temperature of Hg 





or or oc 
or or oc 
or or oc 
or or oc 
or or oc 
Heat transfer rate Btu/hr 
Heat generated per unit 
volume Btu/hr-ft3 
Interior radius of capillary 
tube ft 
Outer radius of capillary 
tube ft 
Thermal conductivity of mercury, 
glass, and oil respectively Btu/hr-ft-0 r 
Density lb/ft3 
Specific heat Btu/lb-°F 
Volume coefficient of thermal 
conductivity l/°F 
Dynamic viscosity lb•ft/sec 
Velocity ft2/sec 
Acceleration of gravity ft 2 /sec 
Gr Grashof Number 
Pr Prandtl Number 
Nu Nusselt Number 
h Heat transfer coefficient 
LCL Lower Control Limit 
UCL Upper Control Limit 
X Arithmetic mean 
X Average of a set of X values 
k Number of subgroups of data 
n Number of pieces of data in 
subgroun 
R Range, the difference between 
the largest and smallest 
number in any set 
~ Average of a set of ranges 
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